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Orbital ordering in LaMnOj; Investigated by Resonance Raman Spectroscopy
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Orbital ordering leads to an unconventional excitation spectrum that we investigate by resonance
Raman scattering using incident photon energies between 1.7 and 5.0 eV. We use spectral ellipsometry to
determine the corresponding dielectric function. Our results show resonant behavior of the phonon
Raman cross section when the laser frequency is close to the orbiton-excitation energy of 2 €V in
LaMnOs;. We show an excellent agreement between theoretical calculations based on the Franck-Condon
mechanism activating multiphonon Raman scattering in first order of the electron-phonon coupling and
the experimental data of phonons with different symmetries.
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Signatures of orbital ordering have been unambigu-
ously identified by elastic x-ray techniques [1]. How-
ever, much debate has been recently ignited about the
dominant energy scale driving the formation of an orbi-
tal-ordered state and its corresponding excitation spec-
trum [2—4]. Two fundamentally different concepts lead to
energy scales that differ by 1 order of magnitude. In one
scenario the electron-phonon coupling drives the orbital
ordering leading to a typical energy scale of the orbiton
mode given by the strength of the electron-phonon (e-ph)
coupling, ~1.5 eV [3,5,6], whereas the second scenario
predicts smaller energies ~0.16 eV due to renormaliza-
tion related to the strength of the Coulomb on-site repul-
sion [5—7]. Inelastic resonant scattering of visible and soft
x-ray photons are currently strongly involved in tracking
down the orbiton mode yielding also two fundamentally
different assignments that differ by 1 order of magnitude
in energy.

Here we present a resonant inelastic light-scattering
study with excitation energies ranging from near IR
(1.7 eV) to deep UV (5 €V) in order to investigate the
matrix elements related to two important energies at
around 2 and 4.4 eV, representing the Jahn-Teller (JT)
and charge-transfer (CT) gaps, respectively [8,9]. Our
experimental results are complemented by a symmetry-
dependent calculation of the one- and two-phonon scat-
tering cross sections within the Franck-Condon (FC)
mechanism allowing for enhanced multiphonon scatter-
ing in the orbitally ordered state. Our main findings are
(i) the one- and two-phonon excitation spectrum shows
sharp resonances for incident photon energies close to the
JT gap at 2 eV and at the CT gap at 4.4 eV; (ii) the one-
phonon spectrum shows resonance profiles that strongly
depend on the symmetry of the phonon modes. The
vibrational oxygen breathing mode at 655 cm™!
(81 meV) resonates strongly at the CT gap. Phonon modes
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at 611 cm™! (76 meV) and at 496 cm™! (62 meV) show
their strongest resonance at the JT gap; (iii) these three
phonon modes with their individual resonance properties
yield a complicated two-phonon spectrum between 1100
and 1300 cm™!; (iv) we find good agreement between the
symmetry-dependent resonance properties of the three
main oxygen phonon modes and theoretical calculations
based on the FC mechanism in the orbitally ordered state.
This is indicative of an orbital-ordered state that is
formed to a large extent by the e-ph interaction. The FC
mechanism predicts the correct resonance energies
of the JT modes at 2 eV and the correct one- to two-
phonon ratios.

Previous Raman scattering studies have been per-
formed with visible incident photon energies showing
an excellent agreement with the assignment of Iliev
et al. in the one-phonon spectrum between 80 and
640 cm ™! [10]. More controversial is the assignment of
modes in the two-phonon spectral range between 1100
and 1300 cm ™! with a claim that a mode at 160 meV is not
related to a two-phonon peak but to an orbital wave or
orbiton [7]. This claim has been challenged by Griininger
et al., who identify the 1300 cm ™! mode as an overtone of
the highest energy one-phonon peak in the IR spectrum.
However, due to possible symmetry breaking, the parity
argument discriminating Raman and IR data might not
hold and the situation remains unclear [11]. Our reso-
nance study reveals the inelastic light-scattering matrix
elements and shows that the resonances of the one-phonon
modes are also visible in the two-phonon spectra, strongly
suggesting a phononic origin of the peaks between 1100
and 1300 cm™ 1.

The inelastic light-scattering experiments have been
performed on a novel Raman spectrometer (McPherson)
equipped with a U V-sensitive charge-coupled device and
with a reflecting objective in a Cassegrain design. The
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primary mirror is an on-axis parabola with a numerical
aperture of 0.5 [12]. The incident light is generated by
Ar* and Kr™ lasers with an intracavity frequency doubler
for wavelengths below 275 nm. The incident light passes
optical elements (premonochromator, scrambler, spatial
filter, and polarizer) and is focused by the the reflecting
objective that also couples the scattered light into the
spectrometer. Because of the diffraction limited imaging
we determine the size of the spot by the size of the
pinhole in the spatial filter. We have used a 30 wm spot
and 8 mW of power on the sample in order to avoid any
significant heating. The Raman spectrometer has been
calibrated by two double Ulbricht sphere systems for
visible and ultraviolet wavelengths (gigahertz). Mea-
surements have been performed on single crystals at
room temperature in a temperature (22*+0.3 °C) and hu-
midity (45%*3%) controlled clean room (class 100) and
in backscattering configuration with parallel polarization
for the incident and scattered light along the in-plane
crystal axis probing phonons of A, and B,, symmetry.
The spectra are corrected for integration time, incident
power, the wavelength dependent penetration depth, and
reflection coefficient as determined by the dielectric
function measured by spectroscopic ellipsometry
(Sentech Instruments). The largest error of the experi-
ment is given by the chromatic aberrations in the spatial
filter with a change of the incident photon energy. By
repeated measurements of Si-reference spectra across our
full spectral range we estimate a maximum error in the
UV of less than 10%. Other error sources such as the
uncertainty of the dielectric function or the stability of
the laser yield errors of the order of less than 1%.

In Fig. 1 we present Raman spectra for incident photon
energies from 1.96 to 4.5 €V, in the one- (a) and two-
phonon (b) spectral ranges. For previously used incident
photon energies (1.96 and 2.34 eV) we see the well-known
phonon modes of A, and B,, symmetry. Between 200 and
400 cm ™! the spectra show strong signals from the in-
phase y rotation A,(2) at 257 cm™', and the out-of-phase
x rotation A, (4) at 284 cm™!. Both modes show a weak
signal with VlSlble excitation energies and strong reso-
nance enhancements for deep-UV excitation, clearly
supporting their assignment as rotational vibrations
that are not coupling strongly to the JT e, levels. There
is the appearance of an additional mode in the deep UV
around 448 cm™! (4.1 and 4.5 eV) that has not been
observed before, showing an analogous resonance behav-
ior to the rotational modes. The higher-energy oxygen
modes are observed between 496 and 655 cm!.
Espemally, the in-phase stretching B,,(1) mode at
611 cm ™! shows a single pronounced resonance at around
2 eV as it strongly modulates the JT levels. Phonons
around 496 and 655 cm ™! resonate towards 2 and 4.4 V.
This strongly suggests that the 496 cm™! phonon is not a
pure rotational or bending mode of the oxygen cage but
rather related to the A,(1) in-phase stretching mode and
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FIG. 1 (color online). Experimental spectra showing the oxy-
gen vibrations of the distorted MnOg octahedra in the one- (a)
and two-phonon (b) regions.

that the new mode at 448 cm™!
bending A,(3) vibration [10].
Figure 1(b) displays the two-phonon region for the
same incident photon energies as Fig. 1(a). Overall we
find two-phonon features that correspond to the energy
range between 1100 and 1300 cm™!, i.e., about twice 611
and 655 cm™!'. The more complicated two-phonon spec-
trum typical for the visible spectral range simplifies when
the 611 cm™! mode disappears in the deep UV, leaving
alone a single peak at 1300 cm~!. This two-phonon peak
exhibits the same matrix elements as the 655 cm™! pho-
non resonating towards the charge-transfer gap at 4.4 eV.
The details of the observed resonances for the three JT
related phonons, as well as the resonances of the two-
phonon peak around 1300 cm ™!, are shown in Figs. 2(a)
and 2(b), respectively. The most important observations
in Fig. 2(a) are that all three one-phonon modes resonate
at the same energy of 2.05 eV with a FWHM of 0.65 eV, as
derived from a fit of a Gaussian profile (solid line) to the
data points. The second resonance around the charge-
transfer energy is visible in the 655 cm™! and in the
496 cm™! phonon with slightly shifted energies (4.1 to
4.4 eV), but with the same width of the resonances of
1.32 eV. The dielectric function shows that the first reso-
nance corresponds to the JT gap and that absorption levels
at 2.2 and 2.5 eVare not involved in the resonance process.
Moreover, we find the strong resonance of the CT level
buried in a monotonically increasing absorption band.
The shift in resonance energy of the 496 and 655 cm™!
phonons could be due to a symmetry-dependent renor-
malization of the matrix elements or due to the presence
of additional CT processes such as a combination of O p

is most probably the
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FIG. 2 (color online). Resonance profiles of the one-phonon
excitations (a) and the comparison between the resonance
profiles of the one- and two-phonon excitations (b). The
inset in (a) shows €; (solid line) and €, (dashed line) of the
dielectric function and in (b) the ratio of the one- to two-
phonon intensities.

to Mn d (crystal-field splitting) and Mn d to nearest
neighbor Mn d transitions (correlations).

Figure 2(b) shows the integrated intensity of the two
one-phonon peaks at 611 and 655 cm™! as well as that of
the two-phonon peak. The solid line is the two-phonon
peak intensity multiplied by a factor of 4.166. The inset
shows the constant ratio of the one- to two-phonon peak
intensities between 1.8 and 5 eV. This indicates that the
feature at 1300 cm ™! is indeed a two-phonon peak as such
a behavior of one- to two-phonon resonances is also
typical for, e.g., Si [13].

In the conventional Raman scattering process of pho-
nons, where electronically excited states do not alter
atomic positions, the intensity of the n-phonon peak is
proportional to g?*, where g is the e-ph interaction and is
a small number of =107 '-1072. When the oscillator
potential curves of ground and excited states are dis-
placed, vibrational Raman scattering is activated by a
FC mechanism. In the first step of the FC Raman process,
the incident photon creates an orbital defect in the ordered
JT ground state. This Frenkel exciton, or orbiton, is self-
trapped by an oxygen rearrangement from the JT state [6].
The FC principle has the oxygen positions undistorted
during optical excitation, producing a vibrationally ex-
cited state of the orbiton. In the second step of the Raman
process, this virtual excitation decays back to the orbital,
but not necessarily to the vibrational, ground state. The
amplitude for ending in a vibrationally excited state is
determined by displaced-oscillator overlap integrals al-
lowing n-phonon resonant Raman scattering with inten-
sities proportional to g" [14].

Perebeinos and Allen gave a derivation of the resonant
multiphonon Raman cross section [15] with a net result:
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where § = (0yws)*/w? and oy = r} = e?/m,c? is the
Compton cross section. The summation goes over all
electronic states and corresponding vibrational quanta
{m}. N{m} =m, +m,+m, + m_,+m_y, +m_, is the
total number of V1brat10na1 quanta of the SlX neighboring
oxygens. To model the damping term v,, of the vibra-
tional level m, we use the expression y,, = yovm + 1, as
in a sequence of convolved Gaussians, intended to mimic
the local densities of phonon states on oxygen atoms. The
induced dipole matrix elements and displacements are
measured in units of (m,Mw?)'/? and \/i/Mw, respec-
tively. The ground state couples to excited electronic
states by the electron-radiation Hamiltonian (p - A) re-
sponsible for resonant Raman scattering. It has been
suggested [6,15] that this transition becomes allowed
because of asymmetric oxygen fluctuations [16].

In the previous work [15], the symmetry of the excited
phonon in the final state was not taken into account. Here
we allow the final state |0, n) to have an electronic ground
state plus n vibrational A, (Q,) phonons:

[(al —aty —af + b))
Jn!

To evaluate vibrational integrals A” B(m) one needs the
expressions for overlap integrals of displaced harmonic
oscillators [14,15]. There are only diagonal contributions
to the one- and two-phonon Raman cross sections:

|0, n) = |0, 0). 2)

e AA" m
Bl A2
e AA" m

m! \/—A2
X [A? = 2A(m — 1) + (m — 1)(m — 2)].

Algm) =3, (A—m+1),

A2 g(m) =845 ——— 3)

The resonance of the matrix element is shown in Fig. 3
for y, = 120 cm~!'. A pronounced resonant behavior is
predicted when the laser frequency w; approaches the
orbiton energy 2A. The resonance position is fixed by the
dielectric function (Fig. 2) at 2 eV. Within the FC mecha-
nism the width of the resonance is given by A and is 1 eV.
The experimental results of the resonance profiles of the
one- and two-phonon peaks show a remarkable agreement
between experiment and theory given the fact that none of
the theoretical parameters is fixed by a fit to the experi-
mental phonon resonances. The ratio between the one-
and two-phonon scattering cross sections as well as their
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FIG. 3 (color online). Solid lines show the resonance profiles
at orbiton energy of the one- and two-phonon peaks according
to the Franck-Condon mechanism. Markers represent experi-
mental data for the 611 cm™! one-phonon (squares) and the
1300 cm ™! two-phonon (circles) resonance.

peak positions agree with the theoretical expectations.
The most obvious difference is the much sharper experi-
mental resonance data and could be resolved by consid-
ering a second gap contribution maybe due to the
additional crystal-field splitting of the e, orbitals by
strain and electronic correlations neglected in our calcu-
lations [17].

The absolute value of the Raman cross section (in units
of o) according to Eq. (1) is a product of the resonant
function S” and the dipole matrix elements measured in
units of (m,Mw?)'?. The model Hamiltonian [2,5]
predicts a minimum at amplitude Q = Aé + B%g of
the cooperative oxygen distortions. The minimum
(Byg, Ag) = Q(cos®, sin®), however, is degenerate with
respect to angle 0.

The results for the vibrational overlap integrals A7 4
Eq. (3) and resonances in Fig. 3 are reported for a purely
By,-type distorted ground state (® = 90°). The absolute
value of the dipole matrix elements can be taken from the
optical conductivity oscillator strength or density func-
tional theory (DFT) calculations. The measured spectral
weight of the lowest broad line centered at 2 eV corre-
sponds to fex, = 0.113 [8], fexp = 0.16 [9], and foy, =
0.22 [18], which agrees with the DFT result fppr = 0.26
[15]. The calculations of the resonant Raman scattering of
the A,-type phonons gives zero intensity for the first and
second order Raman processes in the B,,-type distorted
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ground state (® = 90°). From the fact that the resonances
of the 611 and 496 cm™! modes are comparable in
strength (see Fig. 2) we can confirm that the angle O is
much different from 90° in agreement with the prediction
for the anisotropy of the optical conductivity o./0,, =
0.5[2 + cos(20)]/[1 — cos(20)] and results from Tobe
et al. [18] suggesting ® = 36°.

In summary, we have shown the efficiency of inelastic
light scattering to study the interplay between electronic
structure and orbital ordering in LaMnO;. We find that
the orbital ordering is to a large extent driven by the
electron-phonon interaction with some additional elec-
tronic contribution. We find a remarkably good agreement
between the experimental results and a theory based on
the Franck-Condon mechanism.
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